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Regulation of Focal Adhesions by Flightless I
Involves Inhibition of Paxillin Phosphorylation
via a Rac1-Dependent Pathway
Zlatko Kopecki1,2, Geraldine M. O’Neill3,4, Ruth M. Arkell5 and Allison J. Cowin1,2,6
Flightless I (Flii) is an actin-remodeling protein that influences diverse processes including cell migration and
gene transcription and links signal transduction with cytoskeletal regulation. Here, we show that Flii modulation
of focal adhesions and filamentous actin stress fibers is Rac1-dependent. Using primary skin fibroblasts from
Flii overexpressing (FliiTg/Tg), wild-type, and Flii deficient (Fliiþ /) mice, we show that elevated expression of Flii
increases stress fiber formation by impaired focal adhesion turnover and enhanced formation of fibrillar
adhesions. Conversely, Flii knockdown increases the percentage of focal complex positive cells. We further
show that a functional effect of Flii at both the cellular level and in in vivo mouse wounds is through inhibiting
paxillin tyrosine phosphorylation and suppression of signaling proteins Src and p130Cas, both of which
regulate adhesion signaling pathways. Flii is upregulated in response to wounding, and overexpression of Flii
inhibits paxillin activity and reduces adhesion signaling by modulating the activity of the Rho family GTPases.
Overexpression of constitutively active Rac1 GTPase restores the spreading ability of FliiTg/Tg fibroblasts and may
explain the reduced adhesion, migration, and proliferation observed in FliiTg/Tg mice and their impaired wound
healing, a process dependent on effective cellular motility and adhesion.
Journal of Investigative Dermatology (2011) 131, 1450–1459; doi:10.1038/jid.2011.69; published online 24 March 2011
INTRODUCTION
Flightless I (Flii) is an actin-remodeling protein and a nuclear
receptor co-activator, linking signal transduction with cytos-
keletal regulation (Kopecki and Cowin, 2008). Flii is a
member of the gelsolin family of actin-remodeling proteins
that regulate actin by severing pre-existing filaments and/or
capping filament ends to enable filament reassembly into
new cytoskeletal structures (Campbell et al., 1997). Consis-
tent with this Flii colocalizes with molecules involved in
regulating cytoskeletal reorganization, including members of
the Rho family of GTPases: Ras and Cdc42 (Davy et al.,
2001). Flii has also been identified as an important negative
regulator of wound healing (Cowin et al., 2007; Adams et al.,
2008, 2009; Kopecki and Cowin, 2008; Kopecki et al., 2009).
In mice heterozygous for Flii gene knockout, healing is
enhanced, whereas Flii overexpression leads to significantly
impaired healing, with reduced cellular proliferation and
delayed epithelial migration (Cowin et al., 2007). Flii
deficient fibroblasts and keratinocytes have improved cellular
adhesion and spreading resulting in accelerated scratch
wound closure (Cowin et al., 2007; Kopecki et al., 2009).
Flii is upregulated in response to wounding yet its over-
expression impairs healing and this may appear to be
contradictory. However, in an attempt to regain tissue
integrity and prevent possible wound infection, upregulation
of proteins and cytokines has been observed including
transforming growth factor b1, which leads to more
rapid wound closure but adverse scar formation (Shah
et al., 1995).
Focal adhesion dynamics and downstream signaling are
important processes involved in cellular adhesion and
migration and fundamental to the wound healing process.
Initial integrin-mediated cell-matrix adhesions termed focal
complexes develop underneath lamellipodia and are driven
by actin polymerization. They are highly dynamic structures
that exist for a limited amount of time. A proportion of stable
focal complexes develop into elongated focal adhesions,
which are associated with contractile stress fibers (Berrier and
Yamada, 2007). Focal adhesions function as both adhesion
sites and signal transduction mechanosensors allowing cells
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to adapt to the changing extracellular matrix protein
composition and the cellular environment encountered
during wound healing (Bershadsky et al., 2006). Focal
adhesions have the ability to transform into fibrillar adhesions
that can modify the structure and rigidity of the extracellular
matrix, hence, contributing to tissue remodeling during
wound repair (Arnaout et al., 2007). The vital function of
focal adhesions is to anchor the polymerized actin filament
stress fibers into bundles, which provide contractile force
required for effective translocation of the cell body during
cellular migration; however, impaired turnover of these
adhesion structures results in impaired cellular migration
(Bach et al., 2009). Rho family of GTPases function as GTP-
dependant molecular switches that bind and modulate the
activities of effector molecules regulating actin cytoskeleton,
including formation of focal adhesions and actin stress fibers
(Tominaga et al., 2000).
Closely regulated turnover and phosphorylation of focal
adhesion proteins allow cells to respond appropriately to
their environment. Focal adhesion proteins like paxillin
provide a point of signal convergence, a platform for protein
kinases such as Src to interact with other signaling proteins,
hence, allowing downstream adhesion signaling pathways to
proceed (Goetz, 2009). Here, we examine the effect of
differential Flii gene expression on integrin-mediated focal
adhesion formation and turnover; its association with adaptor,
structural, and signaling proteins involved in focal adhesion
dynamics and its effects on downstream adhesion signaling.
RESULTS
Flii overexpressing fibroblasts have increased actin stabilization
and focal adhesions
Flii null mutations are embryonic lethal due to defective
gastrulation associated with disorganized actin cytoskeleton
(Campbell et al., 2002). Mice heterozygous for Flii have 50%
gene expression with a corresponding reduction in Flii
protein (Cowin et al., 2007). Using fibroblasts from Flii
deficient (Fliiþ /), wild-type (WT), and Flii overexpressing
(FliiTg/Tg) mice, we examined the effect of differential Flii gene
expression on filamentous actin (F-actin) distribution and
focal adhesion formation by coimmunostaining of phalloidin
and paxillin, respectively. Both Fliiþ / and WT fibroblasts
developed F-actin networks with lamellipodial crawling on
the extracellular matrix and an actin meshwork at the leading
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Figure 1. Flightless I (Flii) overexpression stabilizes actin filaments and increases focal adhesion formation. (a) Fliiþ /, wild-type (WT), and FliiTg/Tg fibroblasts
coimmunostained with phalloidin (green) and paxillin (red) at 180minutes post-seeding. Scale bar¼ 25mm. (b) Quantification of F-actin in FliiTg/Tg fibroblasts
compared with WT fibroblasts at 15 and 60minutes and at 24hours. (c, d) FliiTg/Tg fibroblasts have significantly increased number of longer focal adhesions compared
with both Fliiþ / and WT fibroblasts. (e) Representative image of WT cells showing focal adhesion and focal complex structures. (f) Fliiþ / and WT fibroblasts
stained with paxillin show focal complex formation at 90minutes post-seeding. (g) FliiTg/Tg fibroblasts have significantly reduced percentage of focal complex positive
cells compared with Fliiþ / and WT fibroblasts at 90minutes post-seeding. n¼ 100 cells. Scale bar¼ 10mm in a and 1mm in e and f. Mean±SEM. *Po0.05.
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edges of the cells (Figure 1a). In contrast, increased F-actin
was observed in FliiTg/Tg fibroblasts with formation of
prominent ventral stress fibers linking focal adhesion sites
across the cell periphery (Figure 1a). A significant increase in F-
actin content was observed in FliiTg/Tg versus WT fibroblasts at
15minutes post-seeding and between FliiTg/Tg, WT, and Flii
deficient cells at 60minutes and 24hours post-seeding, indi-
cating a maintained response to cellular adhesion (Figure 1b).
Paxillin staining of focal adhesions revealed formation of
focal adhesions at leading edges of Fliiþ / and WT fibroblasts
and increased perinuclear expression of paxillin indicative of
active focal adhesion dynamics, whereas FliiTg/Tg fibroblasts
had individual focal adhesion staining around the entire cell
periphery (Figure 1a). Assessment of Fliiþ /, WT, and FliiTg/Tg
fibroblasts revealed a significant increase in the number and
size of focal adhesions in FliiTg/Tg fibroblasts (Figure 1c
and d). Example of focal adhesion and complex structures in
WT cells is shown in Figure 1e. Examining the focal complex
formation in Fliiþ /, WT, and FliiTg/Tg fibroblasts showed a
significant decrease in the percentage of FliiTg/Tg fibroblasts
containing focal complexes compared with both Fliiþ / and
WT cells suggesting that Flii overexpression alters focal
adhesion dynamics (Figure 1f and g). Time course experi-
ments monitoring the effect of Flii overexpression on initial
focal complex formation at 10, 20, 30, 40, and 50minutes
post-seeding revealed that similar to WT cells, FliiTg/Tg
fibroblasts form initial focal complexes by 20minutes
post-seeding (Supplementary Figure S1 online). These focal
complexes progress to form focal adhesions by 40minutes,
however, unlike WT cells they fail to turnover these
focal adhesions into new focal complexes by 50minutes
(Supplementary Figure S1 online). Even at 90minutes
no focal complexes are observed in FliiTg/Tg fibroblasts
(Figure 1f and g).
Reduced paxillin phosphorylation and increased a-actinin
expression in Flii overexpressing fibroblasts impairs focal
adhesion turnover
To explore the role of Flii in focal adhesion dynamics, we
examined the phosphorylation of paxillin on tyrosine residue
118, a major site for downstream adhesion-mediated signal-
ing. Paxillin and p-paxillin immunostaining of Fliiþ /, WT,
and FliiTg/Tg fibroblasts plated on a mixture of fibronectin and
laminin extracellular matrix substrates showed decreased
expression of p-paxillin in FliiTg/Tg fibroblasts both at the cell
periphery and under the cell body (Figure 2a). Similarly,
significantly decreased p-paxillin was observed in FliiTg/Tg
fibroblasts as compared with both Fliiþ / and WT cells,
(Figure 2c and d). The ratio of p-paxillin to total paxillin levels
at individual focal adhesions showed significantly decreased
levels of p-paxillin in FliiTg/Tg fibroblasts (Figure 2b), which
was also confirmed by assessment of paxillin and p-paxillin
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Figure 2. Flightless I (Flii) overexpressing fibroblasts have reduced paxillin phosphorylation and increased a-actinin expression. (a) Paxillin (red) and
p-paxillin (green) immunostained Fliiþ /, wild-type (WT), and FliiTg/Tg fibroblasts plated at 180minutes post-seeding. (b) Distribution of the ratios of p-paxillin
at individual focal adhesions (n¼ 100 from 45 different cells); p-pax¼ phosphopaxillin, pax¼ total paxillin. (c) Western blot analysis of p-paxillin, total
paxillin, and b-tubulin levels. (d) Graph showing the ratio of p-paxillin/total paxillin. Mean±SEM. *Po0.05. (e) Western blot analysis of talin, vinculin,
a-actinin, and b-tubulin levels. (f) a-Actinin staining of Fliiþ /, WT, and FliiTg/Tg fibroblasts plated on fibronectin and laminin substrates illustrates increased
expression of a-actinin in FliiTg/Tg fibroblasts. Scale bar¼ 10 mm.
1452 Journal of Investigative Dermatology (2011), Volume 131
Z Kopecki et al.
Flii Regulation of Focal Adhesion
fluorescence intensity at individual focal adhesions using line
scan analysis (Supplementary Figure S2 online).
To determine whether Flii-affected structural and signaling
proteins involved in integrin-mediated cellular adhesion
Fliiþ /, WT, and FliiTg/Tg fibroblasts were stained for talin,
vinculin, and a-actinin. No significant difference in the
expression of talin in FliiTg/Tg fibroblasts versus WT versus
Fliiþ / was observed. We saw increased but not significantly
elevated expression of vinculin in FliiTg/Tg fibroblasts, but
significantly increased expression of a-actinin in FliiTg/Tg
fibroblasts compared with both Fliiþ / and WT counterparts
(Figure 2e). Perinuclear a-actinin was mainly observed,
however, it was also seen at sites of focal adhesions in
Fliiþ / and WT fibroblasts. Increased expression of a-actinin
was observed in FliiTg/Tg fibroblasts both in the perinuclear
region of the cell and at the cell periphery at sites of focal
adhesions (Figure 2f). Overexpression of a-actinin is a marker
of focal adhesions, which exhibit decreased dynamics and
impaired turnover (Webb et al., 2004).
Flii overexpressing fibroblasts have enhanced fibrillar adhesion
formation
To investigate the effect of Flii in fibrillar adhesion formation,
tensin and fibronectin expression were analyzed in Fliiþ /,
WT, and FliiTg/Tg fibroblasts plated on collagen and laminin
extracellular matrix substrates. Fibrillar adhesions are distin-
guished both by parallel staining of fibronectin to the actin
stress fibers and colocalization between paxillin and tensin
and are indicative of contractile, non-motile phenotype.
FliiTg/Tg fibroblasts exhibited enhanced fibrillar adhesion
(Figure 3) with parallel fibronectin and actin stress fibers
and colocalization between paxillin and tensin being
observed (Figure 3a and b). In contrast, Fliiþ / and WT
fibroblasts minimal fibrillar adhesions but had increased
perinuclear fibronectin expression and punctate tensin
staining indicative of cells exhibiting a highly dynamic
turnover of adhesion structures.
Overexpression of Flii results in impaired cellular spreading and
downregulation of adhesion signaling pathways
Spreading of Fliiþ /, WT, and FliiTg/Tg fibroblasts on different
extracellular matrix substrates revealed impaired cellular
spreading in Flii overexpressing fibroblasts compared with
both Fliiþ / and WT counterparts (Figure 4a). Dynamic
regulation of Rho family of GTPases activity has a major role
in cell motility as both inhibition or constituent activation of
these GTPases can alter cellular spreading and migration
(Arthur et al., 2000). No significant difference was observed
between levels of activated RhoA in Fliiþ /, WT, and FliiTg/Tg
fibroblasts, however, Flii overexpression resulted in reduced
activation of both Rac1 and Cdc42 (Figure 4b). To analyze
the effect of Rac1 GTPase on cell spreading and focal
adhesion turnover, FliiTg/Tg fibroblasts were transfected with
either GFP or GFP-Rac1 fusion constructs (Bargon et al.,
2005). Overexpression of constitutively active Rac1 resulted
in significantly improved cellular spreading evidenced by a
significant increase in cell size (Figure 4d) and the formation
of lamellipodia in FliiTg/Tg fibroblasts (Figure 4c).
Overexpression of Flii also had a profound effect on the
focal adhesion signaling components Src tyrosine kinase and
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Figure 3. Enhanced fibrillar adhesion formation in Flightless I (Flii) overexpressing fibroblasts. Cells plated onto collagen and laminin-coated coverslips
were fixed after 180minutes and coimmunostained for F-actin (green) and fibronectin (red) (a) and tensin (green) and paxillin (red) (b). The boxed region
in the FliiTg/Tg merged cell images is magnified at higher magnification (100) below. Arrows indicate F-actin (green) and fibronectin (red) (in a) and
paxillin (red) and tensin (green) (in b) in positive fibrillar adhesions. WT, wild type. Scale bar¼10 mm.
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p130Cas. Significantly increased levels of total p130Cas
levels (p130Casþ pp130Cas) in FliiTg/Tg versus Fliiþ /
fibroblasts, but significantly decreased ratio of activated
pp130Cas were observed compared with both WT and Flii
deficient cells (Figure 5a–c). Furthermore, we saw decreased
expression of Src tyrosine kinase in FliiTg/Tg fibroblasts versus
Fliiþ / and WT fibroblasts (Figure 5a and d) suggesting that
Flii overexpression downregulates adhesion-signaling path-
ways required for efficient cellular adhesion and migration.
Effect of Flii on paxillin activation and signaling in wounds
in vivo
An incisional wound model was used to evaluate whether
these in vitro responses were observed in vivo. Overexpres-
sion of Flii resulted in significantly larger, more gaping
wounds at 3 days post-injury whereas Flii deficiency (Fliiþ /)
lead to significantly smaller wound area with improved
wound appearance (Figure 6a–f and k). Increased p-paxillin
was observed in keratinocytes (data not shown) and
fibroblasts adjacent to the wound in Fliiþ / mice (Figure
6d–f). In contrast, p-paxillin was significantly reduced in the
wounds of FliiTg/Tg mice (Figure 6g–j). Similarly, decreased
expression of adhesion signaling proteins pp130Cas and Src
(Figure 6l) were also observed in protein extracted from 3-day
wounds in FliiTg/Tg mice versus WT and Fliiþ /. This study
supports our in vitro findings and suggests that Flii function
on cell adhesion and migration may be mediated by its
negative effect on pp130Cas and Src.
To determine whether Flii effects on actin stress fiber,
paxillin activity, and adhesion signaling affected collagen
contraction, a fibroblast populated floating collagen gel
contraction assay was used (Figure 6m). Despite observing
increased stress fibers in FliiTg/Tg fibroblasts in vitro (Figure 1a)
no differences were observed in the rate of collagen gel
contraction in FliiTg/Tg versus WT controls (Figure 6m). In
contrast, decreased contraction of the collagen gels was
observed in Fliiþ / fibroblasts (Figure 6m and n), suggesting
that the improved healing response observed in Fliiþ / mice
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(Figure 6a–c) may be attributed more to improved turnover of
adhesion structures resulting in improved cellular migration
and proliferation rather than a direct effect on wound
contraction.
DISCUSSION
Flii is an actin-remodeling protein that mediates rapid
remodeling of actin filaments and associates with actin arcs
and membrane ruffles illustrating its role in actin dynamics,
cellular adhesion, and motility (Davy et al., 2000). Here, we
have demonstrated a role for Flii in the regulation of focal
adhesions, affecting paxillin phosphorylation, downstream
adhesion signaling and formation, and stabilization of actin
stress fibers and to our knowledge this is previously
unreported. Although both Fliiþ / and WT fibroblasts
showed active actin dynamics with actin meshwork involved
in cellular spreading and migration, FliiTg/Tg fibroblasts
displayed impaired spreading and increased expression of
ventral stress fibers linking the focal adhesions at the cell
periphery. FliiTg/Tg cells also exhibited significantly increased
expression of filamentous F-actin over a time course of
24 hours illustrating a maintained response to cellular
adhesion. Flii overexpression leads to increased numbers and
larger focal adhesions around the periphery of the fibroblasts
compared with Fliiþ / and WT fibroblasts, which only
expressed active focal adhesions at leading edges of the cells.
Flii overexpressing fibroblasts form initial focal complexes that
proceed to focal adhesions, however, the turnover of these
focal adhesions into new focal complexes appeared to be
impaired. Flii overexpression also resulted in a decrease in the
percentage of focal complex positive cells suggesting that Flii
may impair focal adhesion turnover, and hence, decrease the
formation of new focal complexes.
Paxillin is an adaptor protein, which facilitates the optimal
signal integration through its ability to recruit multiple
signaling proteins to the specific regions of the cell (Turner,
1998; Brown and Turner, 2004; Zaidel-Bar et al., 2007). We
examined the phosphorylation of paxillin at tyrosine residue
118 in Fliiþ /, WT, and FliiTg/Tg mouse wounds in vivo and
primary fibroblasts in vitro. This site is phosphorylated by Src
or FAK and is specifically activated at focal adhesions
facilitating paxillin function in adhesion turnover (Bach
et al., 2009). FliiTg/Tg fibroblasts had decreased levels of total
paxillin and significantly reduced ratio of p-paxillin levels
compared with both Fliiþ / and WT fibroblasts. This was
surprising considering the increased number of focal adhe-
sions observed in FliiTg/Tg fibroblasts, however, compared
with Fliiþ / and WT fibroblasts decreased cytoplasmic
paxillin staining was observed around the nucleus suggesting
that the paxillin present in FliiTg/Tg fibroblasts was predomi-
nantly associated with focal adhesions. Decreased paxillin
tyrosine phosphorylation was also observed in FliiTg/Tg mice
wounds suggesting that overexpression of Flii and its
association with paxillin may inhibit the interaction of paxillin
with other signaling molecules resulting in decreased paxillin
activation and impaired focal adhesion turnover required for
directional cellular movement. Indeed, studies have shown that
focal adhesions that remain stable in position and have
impaired turnover also contain low levels of phosphorylated
paxillin (Zaidel-Bar et al., 2007). We observed that Fliiþ / and
WT fibroblasts had increased phosphorylation of paxillin and
focal complex formation compared with FliiTg/Tg fibroblasts
supporting previous studies showing that paxillin phosphoryla-
tion enhances lamellipodial formation and stimulates formation
of focal complexes (Zaidel-Bar et al., 2007).
Cells with increased ventral stress fibers and low levels
of phosphorylated paxillin often show enhanced formation of
fibrillar adhesions (Bach et al., 2009). FliiTg/Tg fibroblasts
had increased stress fiber formation and decreased paxillin
phosphorylation with parallel staining of fibronectin
and F-actin fibers and colocalization between paxillin and
tensin, which is indicative of enhanced fibrillar adhesions
(Bach et al., 2009). Fliiþ / and WT fibroblasts had
significantly increased tyrosine phosphorylation of paxillin
and no evidence of fibrillar adhesions suggesting a high
turnover of adhesion structures. Moreover, Fliiþ / fibroblasts
showed decreased ability to contract collagen gels,
which could be attributed to the decreased transforming
growth factor b1 gene expression in these cells (Adams
et al., 2008).
Incorporation of paxillin into focal complexes with talin
enhances matrix-actin cytoskeleton bond and increasing
resistance to mechanical stress (Alon et al., 2005; Moser
et al., 2009). It has been hypothesized that Flii overexpression
may result in talin sequestration leading to decreased integrin
activation and impaired wound healing (Kligys and Jones,
2009). However, our results indicate that although we see
increased number of focal adhesions in FliiTg/Tg fibroblasts
there is no significant difference in talin or vinculin
expression between Fliiþ /, WT, or FliiTg/Tg fibroblasts
suggesting that the role of Flii in focal adhesions is more
likely to be through paxillin phosphorylation than integrin-
mediated cellular adhesion and migration.
Transformation of focal complexes into focal adhesions
requires the activation of RhoA, which activates Daam1 and
participates in the Src-regulated tyrosine phosphorylation of
multiple substrates including paxillin (Tominaga et al., 2000).
A recent study suggested that Flii promotes the GTP-bound
active RhoA-mediated relief of the autoinhibition of Daam1,
hence, modulating the actin assembly activity (Higashi et al.,
2010). Examining the effect of Flii on activation of RhoA, we
found no significant difference in activation of RhoA in Fliiþ /
, WT, or FliiTg/Tg fibroblasts. This was not surprising as FliiTg/
Tg fibroblasts show effective focal adhesion formation but
decreased formation of novel focal complexes, RhoA
activates Rho-kinase and dominant active Rho-kinase in-
duces the stress fiber formation in Swiss 3T3 fibroblasts,
whereas dominant negative Rho-kinase inhibits the wound-
induced cell migration (Kaibuchi et al., 1999). Consequently,
a tight control of Rho family of GTPases is instrumental in
cellular adhesion, spreading, and motility. FliiTg/Tg fibroblasts
have reduced active Rac1 and Cdc42 both of which are
required for formation of focal complexes, cell spreading
and formation of lamellipodia, and filopodia (Geiger and
Bershadsky, 2001; Lunn and Rozengurt, 2004). Increased
expression of active Rac1 in FliiTg/Tg fibroblasts restored the
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ability of these cells to spread and form lamellipodia
suggesting that Flii effects may be Rac1 dependant.
Signaling of small Rho GTPases has previously been linked
to Src kinase activity in which Src activation of p-130Cas
leads to activation of Ras-MAP kinase signaling pathway
(Ben-Ze’ev, 1997; Panetti, 2002). Reduced Src kinase
expression in FliiTg/Tg fibroblasts was observed, which may
contribute to the decreased paxillin phosphorylation and
reduced suppression of RhoA resulting in impaired focal
adhesion turnover and increased formation of stress fibers
observed in these cells. Interestingly, compared with Fliiþ /
fibroblasts, FliiTg/Tg fibroblasts had increased total levels of
p130Cas, a major Src substrate, however, the ratio of
activated pp130Cas to total p130Cas was significantly
decreased in these cells compared with both Fliiþ / and
WT fibroblasts. Phosphorylation of p130Cas initiates Rac1
activation, increases membrane ruffling and lamellipodial
extensions (Cowell et al., 2006; Sharma and Mayer, 2008).
Consequently, decreased activated p130Cas in FliiTg/Tg
fibroblasts may reduce Rac1 activity and therefore help to
explain Flii negative effect on focal adhesion turnover and
cell spreading.
MATERIALS AND METHODS
Reagents and antibodies
Laminin (L-6274), Collagen type I (C-8919), Fibronectin (F-1141),
and Collagen Solution (C-4243) (Sigma-Aldrich, Castle Hill, New
South Wales, Australia). Antibodies: tensin (H-300), paxillin-pY118
(Santa Cruz Biotechnology, Santa Cruz, CA); talin (05-385), vinculin
(05-386), a-actinin (05-384), Src (clone GD11) (Upstate Biotechno-
logy, Waltham, MA); paxillin, p130Cas (BD Biosciences, Rockville,
MD); phalloidin-FITC, b-tubulin antibody, and DAPI nucleic acid
stain (Sigma-Aldrich); Alexa-Fluor488 donkey anti-goat IgG and
Streptavidin-Cy3 Alexa-Fluor555 conjugate (Invitrogen, Mulgrave,
Victoria, Australia); species-specific horseradish peroxidase-
conjugated antibodies (Dako, Botany, NSW, Australia) and
species-specific biotinylated IgG antibodies (Vector Laboratories,
Burlingame, CA).
Mice
All experiments were approved by the Animal Ethics Committees of
the Adelaide Child, Youth, and Women’s Health Service and the
Australian National University following the Australian Code of
Practice for the Care and the Use of Animals for Scientific Purposes.
All studies were performed in mice with the BALB/c background. Flii
heterozygous null mice (Fliiþ /) and mice carrying the complete
human Flii gene on a cosmid transgene were as previously described
(Campbell et al., 2002). Heterozygous transgenic mice (FliiTg) were
made by crossing Fliiþ /þ with cosmid transgene Fliiþ /. These
transgenic mice were intercrossed to obtain animals homozygous for
the transgene (FliiTg/Tg). Heterozygous and transgenic mice were
genotyped as previously described (Campbell et al., 2002).
Primary fibroblast isolation and culture
Primary fibroblasts were isolated from 12-week-old BALB/c Fliiþ /,
WT, and FliiTg/Tg mice skin and collected in ice-cold Ham’s Nutrient
Mixture F12 (SAFC Biosciences, Brooklyn, VIC, Australia). Fibro-
blasts were grown from skin explants as previously described in
(Kopecki et al., 2009) and cultured in 10% fetal calf serum/DMEM.
Low passage cells (Po5) were used in all experiments.
Immunofluorescence analysis
Briefly primary fibroblasts, grown on coverslips pre-treated with
poly-L-lysine (50 mgml1) and coated with a mixture of extracellular
matrix proteins, namely: fibronectin (20 mgml1) and laminin
(10 mgml1) or collagen (10 mgml1), were washed in 1 phos-
phate-buffered saline and fixed in 4% paraformaldehyde for
10minutes at room temperature. They were permeabilized using a
0.2% Triton-X-100 and 0.5% BSA in 1 phosphate-buffered saline
for 5minutes at room temperature before application of primary
antibodies (1:200 or 1:500 as previously optimized) for 1 hour.
Further incubations with fluorescent Alexa-Fluor488 donkey anti-
goat IgG (2mgml1) or species specific, biotinylated antibodies with
Streptavidin Alexa-Fluor555 conjugate (2mgml1) were performed.
Sections were washed in 1 phosphate-buffered saline and
mounted in Fluorescent mounting medium (Dako). Negative
controls included replacing primary antibodies with species-specific
IgG. For verification of staining, nonspecific binding was determined
by omitting primary or secondary antibodies. All control sections
had negligible immunofluorescence.
Integrated fluorescence intensity was determined using AnalySIS
software package (Soft-Imaging System, Mu¨nster, Germany) and
images captured using Leica Spectral Confocal Microscope (Leica,
San Diego, CA) as previously described (Kopecki et al., 2009). Focal
adhesion and ratio images were prepared following background
subtraction. Phosphorylation of paxillin at individual focal adhesions
was determined by drawing polygons around individual focal
adhesions and obtaining pixel intensities, which were used to obtain
ratio distribution graph of p-paxillin/(p-paxillin plus paxillin; Bach
et al., 2009). Line scans of individual focal adhesions were
performed on 5-pixel width lines. Only paxillin positive focal
adhesions at the periphery of cells were included in the analysis;
adhesions at cell center were excluded.
Strict criteria were used to distinguish between focal complexes
and focal adhesions based on size, localization, and composition.
Focal complexes are smaller thin punctuate dot-like structures
localized mainly at cell periphery, whereas focal adhesions
are much larger thicker arrow head-like structures localized both
at leading cell edge of spreading cells and cell periphery of
round non-spreading cells. Example of WT cells with focal
complexes or focal adhesions clearly labeled is shown in
Figure 1e. These criteria were used to quantify the percentage of
fibroblasts containing focal complexes by two independent blinded
observers. A time course experiment examining the effect of Flii
overexpression on initial focal complex formation and progression to
focal adhesions was performed on WT and FliiTg/Tg fibroblasts using
the paxillin staining of adhesion structures over a period of
50minutes post-seeding. F-actin concentration in primary Fliiþ /,
WT, and FliiTg/Tg fibroblasts was as previously described (Clark et al.,
1998).
Cell spreading
Spreading of Fliiþ /, WT, and FliiTg/Tg fibroblasts on coverslips
coated with different extracellular matrix substrates was performed
as previously described in Kopecki et al., 2009. Cells were acetone
fixed at 30, 60, and 120minutes post-seeding. Following blocking in
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3% normal horse serum, phalloidin-FITC (Sigma-Aldrich) was added
at 1:200 for 1 hour staining in the dark. Representative images of cell
spreading on different extracellular matrix substrates were taken
using AnalySIS software package (Soft-Imaging System), illustrating
filamentous actin fibers. All control sections had negligible
immunofluorescence.
Rho GTPase pull down activation assay
Primary Fliiþ /, WT, and FliiTg/Tg fibroblasts were grown to 80%
confluence, lysed, and cell lysates analyzed for levels of
active small GTP-binding proteins RhoA, Rac, and Cdc42 using
the RhoA/Rac1/Cdc42 Activation (Cell Biolabs, Adelaide, South
Australia, Australia). Active forms of RhoA, Rac1, and Cdc42 were
detected using the Rhotekin RBD and p21-activated protein kinase
PBD Agarose beads, which selectively isolate and pull down
the active forms of RhoA, Rac1, and Cdc42 from cell lysates.
The precipitated active GTP-RhoA or Rac1 or Cdc42 and total levels
of RhoA, Rac1, and Cdc42 were detected by western blot analysis
using monoclonal anti-RhoA or Rac1 or Cdc42 antibody according
to the manufacturer’s directions.
Transient transfection
Enhanced green fluorescent protein was expressed from pEGFPC1
(Clontech, Mountain View, CA). Constitutively active Rac1 (pEGF-
P.RacL61) construct was obtained from Beric Henderson (Westmead
Millenium Institute) with the kind permission of Mark Phillips
(New York, University School of Medicine) and its construction has
been described previously (Bargon et al., 2005). Flii overexpressing
fibroblasts were electroporated with a Nucleofactor (Amaxa,
Cologne, Germany) according to the manufacturer’s recommenda-
tions. To determine the effects of constitutively active Rac1 GTPase
on cellular spreading of Flii overexpressing fibroblasts images of
70 green fluorescent protein-positive transfected cells were taken at
48 hours post-transfection and 120minutes post-seeding and ana-
lyzed for cell spreading by measuring cell area using AnalySIS
program software package (Soft-Imaging System). Constructs were
verified by standard western blot analysis of transfected cell lysates.
Protein extraction and western blotting
Protein was extracted from Fliiþ /, WT, and FliiTg/Tg fibroblasts using
standard protein extraction protocols (Cowin et al., 2006). Sample
proteins (10mg) were run on a 10% SDS-PAGE gels at 100V for
1 hour and transferred to nitrocellulose by wet transfer. Membranes
were blocked in 15% skimmed milk solution for 10minutes and
primary antibodies added in phosphate-buffered saline containing
5% skimmed milk, 0.3% Tween. Appropriate species-specific
secondary horseradish peroxidise-conjugated antibodies were added
for a further 1 hour at room temperature. Stringent washes were
performed before detection of horseradish peroxidise and exposure
using GeneSnap analysis program (SynGene, Frederick, MD).
Membranes were stripped and re-probed for b-tubulin (Sigma-
Aldrich) for normalization of protein levels.
Murine surgical techniques
Fliiþ /, WT, and FliiTg/Tg female 12-week-old mice (n¼ 6 animals
per group), were anesthetized using gaseous isofluorane, 5%
induction, 2% maintenance, and wounded using standard protocols
(Cowin et al., 2006; Kopecki et al., 2009). Briefly, two equidistant,
1 cm full thickness incisions were made through the skin and
panniculus carnosus on the flanks of the mice extending 3.5–4.5 cm
from the base of the skull, 1 cm either side of the spinal column. At
3 days post-wounding, mice were euthanized before collecting the
wound samples. Both left and right wounds were collected from
each mouse and bisected. Half was fixed in 10% buffered formalin,
the other half snap frozen for protein extraction. Unwounded skin
was collected from each mouse group. Wound area was quantified
by two independent blinded observers using AnalySIS software
package (Soft-Imaging System) as previously described (Cowin et al.,
2007).
Floating collagen gel contraction assay
Three-dimensional collagen gels were prepared by mixing eight
parts of chilled collagen solution with one part 10 DMEM
containing 10% fetal calf serum and pH adjusted to 7.2–7.6 using
0.1 M NaOH as previously described (Geary et al., 2008). Primary
fibroblasts from Fliiþ /, WT, and FliiTg/Tg skin (1 105 cells per ml)
were added to the collagen gel mixture, which was added to 48-well
flat bottomed plate (500 ml per well) and allowed to set for
120minutes at 37 1C, 5% CO2. The gel was dislodged by addition
of 1 DMEMmedia (1ml per well). The degree of contraction at 24,
48, and 72 hours was determined from floating gel images using
Image Pro-Plus software (MediaCybernetics, Bethesda, MD).
Statistical analysis
Statistical differences were determined using the Student’s t-test or
an analysis of variance. For data not following a normal distribution,
the Mann–Whitney U test was performed. A P value of o0.05 was
considered significant.
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